Low cycle fatigue (LCF), high cycle fatigue (HCF) and superimposed LCF/HCF tests were carried out on air environment under total strain control. Under HCF loading, the strain fatigue limit is reduced with increasing mean strain up to a mean strain from which no significantly higher mean stresses are induced. Superimposed HCF loadings decrease the lifetime compared to the pure LCF loading if the amplitude of the superimposed loading is high enough. Under pure LCF loading cracks initiated below the surface at casting defects. Under LCF/HCF loading, cracks initiated at casting defects or due to slip bands.
Introduction
Blades of gas turbines are thermal and mechanical highly loaded. Thermally induced mechanical loadings result from transient and inhomogeneous temperature fields within the component. Additional mechanical loading is caused by centrifugal forces. These loadings are in the low frequency range. Furthermore, the components are typically subjected to a high frequency mechanical loading resulting from vibrations and/or pressure fluctuations due to unsteady combustion. With the objective to design safe components, it is necessary to understand the failure mechanisms of the employed materials under these complex loadings.
The superalloy IN 713C which is used for blades of gas turbines was investigated by Brandt [1, 2] under operational LCF loading. It was found that although the initial size of pores and carbides did not correlate withlifetime, the crack growth lives can be calculated from a crack depth of 0.5 mm [2] . Kunz [3] investigated IN . It has been found that the tensile mean stress resulted in shorter fatigue lives. Under superimposed LCF/HCF loading conditions, several different alloys [4] [5] [6] has been investigated with the result that a higher superimposed cyclic loading leads to a shorter lifetime. However, the knowledge about the failure mechanisms under these loading conditions is still insufficient. Therefore, this work focuses on the effect of superimposed HCF loading onto high mean strains, as well as, onto basic LCF loading on the fatigue behaviour
Material and specimens
The nickel-based superalloy IN 713C was cast by Zollern GmbH&Co.KG, Germany, in 122 mm long rods with a diameter of 12.5 mm. The chemical composition of IN 713C is listed in table 1. The structure of this cast polycrystalline alloy is dendritic as shown in Fig. 1 (a) . After casting, the material did not undergo any treatment like hot isostatic pressing so the microstructure contains interdendritic porosity. The secondary dendrite arm spacing amounts to and was measured over a total length of 9,840 s. The investigated material consists of cubic -precipitates of the type Ni 3 (Al,Ti) which are embedded in thematrix. Fig. 1 (b) shows a Scanning Electron Microscope (SEM) image of the homogeneously dispersedprecipitations in the -matrix. The -precipitations do not differ considerably by size except for a few bigger precipitations. The rods were machined by turning to solid round specimen with a total length of 120 mm and a diameter of 12 mm at the ends where they were clamped into the grips. The cylindrical gauge length was 17 mm with a gauge diameter of 7 mm. 
Experimental
The tests were carried out on a 100 kN servo hydraulic Schenck testing machine and two 50 kN electromechanical Zwick testing machines. All tests with a high cycle fatigue loading were conducted on the servohydraulic testing machine, for all other tests the electromechanical testing machines were used. The temperature of the specimen was measured with a Ni-CrNi tape thermocouple which was placed in the centre of the gauge length. The specimens were heated up by means of an induction heating under temperature control. All testing machines were equipped with water-cooled grips. A high temperature extensometer that applied a gauge length of 15 mm was used to measure the strain. The loads were measured by the load cells of 100 kN and 50 kN, respectively.
The isothermal LCF, HCF and LCF/HCF tests were conducted at 600 laboratory air environment under total strain control. A cycle of a pure low cycle fatigue loading had a strain ratio R min / max = 0 and lasted 70 seconds. It was composed of two ramps that lasted 5 s each and of a holding time (HT) of 60 s. In the first ramp the specimen was loaded to the maximum strain. Then the holding time starts. After the hold time the specimen was unloaded to zero strain in the second ramp. The pure HCF loading had a sine wave form at a frequency f = 60 Hz. As total mean strains m,t = 0, 0.4 % and 0.8 % was realized. The LCF/HCF tests were carried out by superimposing both loading conditions, so that 4,200 HCF cycles occurred during a LCF cycle. The total strain range t during the superimposed tests is the sum of the total strain ranges of the LCF loading t LCF and the HCF loading t
LCF
. As a consequence of the superimposition of the HCF to the LCF loading, the strain ratio was slightly negative under LCF/HCF loading. The ultimate number of cycles was defined 20,000 for LCF loading and 10 7 for HCF loading. When a load drop of 10 % occurred the number of cycles to failure N f was reached. Additional to the fatigue tests, high temperature tensile tests with the same specimen geometry were carried out at a strain rate of 10 -3 1/s. The fatigue fracture surfaces were analyzed by means of a light microscope (LM) and a scanning electron microscope (SEM). On the basis of the taken images the crack initiation site was detected.
Results

High Cycle Fatigue Behaviour
The lifetime behaviour under high cycle fatigue loading with different mean strain shows Fig. 2 (a) . Despite the fact that the a considerable scatter occurs, which is up to one order of magnitude, there is a distinct difference in the fatigue life at fully reversed test ( m,t = 0) compared to the test series with total mean strains m,t = 0.4 % and m,t = 0.8 %. Although both positive mean strains differ considerably by the factor of two from each other, no distinct difference concerning the lifetime can be detected. Consequently, the strain fatigue limit R D was estimated on the basis of the conducted experiments to 0.11 % for R and to 0.065 % for both imposed mean strain loadings. 1 % is applied additionally to the static mean strain loading. The stress strain curve which was obtained in a high temperature tensile test is also shown. The difference in the induced stresses is mainly caused by slightly different der HCF loading. Due to the stress strain behaviour in the elastic plastic regime, no considerable higher maximum stresses were induced under additional cyclic loading. The material endures the HCF loading elastically after reaching the set value of the amplitude. The slight increase of the maximum stress is negligible. Therefore, the effective mean stresses arise from the imposed maximum stress which relaxes by the strain amplitude multiplied by the Y To evaluate the stress relaxation under these loading conditions, the induced mean stresses under both mean strain loading conditions are shown as a function of strain amplitude in Fig. 3 (a) . Additionally, the initial stress conditions are given before HCF loading starts. The induced mean stresses under HCF loading were practically constant apart from a stress decrease due to crack growth at the end of the lifetime and negligible stress changes due to small temperature fluctuations. In the initial states, without HCF loading, the induced mean stresses at m,t = 0.8 % and m,t = 0.4 % are approximately 800 MPa and 600 MPa, respectively. Under superimposed HCF loading the mean stresses relaxes considerably at m,t = 0.8 % and only slightly at m,t = 0.4 %, so that the acting mean stresses under both total mean strain conditions come closer to each other. It was also found out that higher strain amplitude caused higher induced stress relaxation. On the basis of the stress life curve and the observed stress relaxation, a simple suggestion of the strain fatigue limit depending on the total mean strain is given in Fig. 3 (b) . The material shows linear mean strain sensitivity up to a total mean strain of about 0.335 %. Above that mean strain, plastic deformation occurs under superimposed HCF loading if the strain amplitudes is above the strain fatigue limit R D = 0.065 % and therefore further increasing mean strains did not affect the fatigue limit.
On the basis of fractographic observations, it was found that either the cracks initiated at the surface or below the surface. In Fig. 2 (a) full symbols identifies surface and hollow symbols subsurface crack initiation. Extended cleavage facets, which indicate stage I fatigue crack growth (FCG), were observed at both the surface, as well as subsurface crack initiation. Under superimposed mean strain loading, subsurface crack initiation with extended stage I FCG were observed frequently in the lifetime of approximately 10 6 cycles. Under the same mean strain loading conditions, the crack initiation site was detected at the surface when higher strain amplitudes were applied. However, under symmetrical loading conditions (R = -1) and at higher strain amplitudes the cracks initiated preferably below the surface. Total strain amplitudes which lead to a number of cycles to failure of about 10 6 the cracks initiated at the surface, as well as below the surface, with and without extended stage I FCG. Under loading conditions at which extended stage I FCG occurred, the lifetime of the specimen tends to be higher than that of specimens without pronounced stage I FCG.
For example, at a strain amplitude a,t 0.2 % under symmetrical loading and at a,t 0.1 % under m,t 0.8 %, the lifetime of the specimen, which showed extended stage I FCG was roughly one magnitude higher compared to the lifetime of the specimen which failed did not exhibit stage I FGG characteristics on the fracture surface. One specimen in the strain life curve which deviate from this trend ( a,t 0.08 %; m,t 0.4 % ), had a considerably Fig. 3 (a) . Hence the induced stress amplitude of that specimen was roughly on the same level like the specimen which failed at the same mean strain 2 under a,t 0.1 %, so that the trend to a higher lifetime if extended stage I FCG occurs, is still clear. Fig. 4 (a) shows a cleavage facet measuring more than 1 mm which was caused by crystallographic crack initiation at the surface. shows a large crystallographic cleavage facet which originated form subsurface crack initiation. During the crack propagation, pores were intersected on the crystallographic plane. The cyclic stress response under superimposed LCF/HCF loading for the first one and a half cycle is shown in Fig. 5 (a) at a total strain range t = 0.7 %, which arises from t LCF = 0.6 % and t HCF = 0.1 %. In the first cycle, high tensile stresses of about 800 MPa were induced and in the elastic plastic region the HCF loading becomes visible due to the frequently elastic un-and reloading. In the hold time, a thick line between 0.55 and 0.65 % is visible due to slight temperature fluctuations which cause stress changes under strain control. By unloading to the minimum strain of -0.05% compressive stresses were induced. The main part of theses stresses are a result of the plastic deformation at the first loading. In the second cycle the material responds macroscopic elastically so that the plastic strain amplitude after the first cycle is reduced significantly. This leads to only slight strain hardening during further cycling as can be seen in Fig. 5 (b) , which shows the maximum and minimum stresses over the number of cycles under pure LCF loading as well as under superimposed LCF/HCF loading. Under both loading conditions, the induced maximum and minimum stresses are approximately on the same level although the strain ratios differ from each other slightly. If there is no significant decrease of maximum stresses with higher maximum strains at the same strain range, then the minimum stress levels under LCF/HCF loading are the same. But if there is a significant difference at the maximum strain at the same strain range, e. g. when loading without exception occurs elastically, then a lower strain ratio leads to a lower stress ratio. Under the investigated conditions, with only small change in the strain ratio under superimposed loading due to small superimposed HCF loading the conditions can be compared. Under LCF loading a load drop occurred significantly at approximately 500 cycles but it took nearly 400 cycles until the specimen failed. However, after a comparable load drop under superimposed LCF/HCF loading lasted only about 50 LCF cycles until the specimen failed. 
Cyclic stress response under LCF and LCF/HCF loading conditions
Fatigue life curves under LCF and LCF/HCF loading
Fractographic observations after LCF and LCF/HCF loading
Under all pure LCF loading conditions it was found that all cracks initiated below the subsurface. Fig. 6 (b) shows the crack initiation site after cycling at t LCF = 0.4%. The crack initiated at a cluster of pores inside the specimen and propagated transgranular and perpendicular to the applied loading. The fracture surface is relatively smooth compared to fatigue fracture surfaces at higher t LCF . It was observed that the roughness increases with increasing strain range. A rougher fatigue surface at a cluster of pores where the crack was initiated after cycling at t LCF = 0.7 % is shown in Fig. 7(a) . However, under superimposed LCF/HCF loading conditions, crack initiation at the surface as well as below the surface has been observed. At t LCF = 0.5 % and t HCF = 0.2 % one of the specimen showed extended stage I FCG that indicate that the superimposed HCF loading was dominant, underlie a different failure mechanism than the specimen which were loaded by a superimposed strain amplitude under the strain fatigue limit. On the basis of the lifetime curve there is no clear connection between superimposed HCF loading and the crack initiation site. The crack initiation site after superimposed cycling at t LCF = 0.5 % and t HCF = 0.1 % shows Fig. 7(b) . The crack initiated also at a pore and propagated transgranular but left a quite smooth fracture surface compared to the fatigue fracture surfaces after pure LCF. Additionally, the fatigue fracture surface has some markings in irregular distances which are small near the pore and increase with the crack length. A fatigue fracture surface with surface crack initiation and an oblique angle to the applied loading of t LCF = 0.6 % and t HCF = 0.1 % shows Fig. 8 (a) . The markings are half-penny shaped and their distances also increase with the crack length. However, there is no evidence of any casting defect that caused the crack initiation. In a distance of 1.3 mm from the crack initiation site, lines in a shape of a bow were observed on the fracture surface which is shown in Fig.  8 (b) . These lines mark the load change which occurs in the ramps of the LCF loading. Therefore, we call them LCF load marker lines. The lines appear only, if the superimposed HCF loading contributes considerably to the crack loading induced crack growth rate between that lines was roughly between 5 10 -6 and 10 -5 mm/cycle. 
Discussion
The detected mean strain insensitivity of IN 713C under HCF loading is in accordance to the HCF behaviour of MAR-M247LC [7] . At total mean strains of 0.6 %, 0.9% and 1.2 % there were also no significant differences in the lifetime behaviour. It is assumed that the slightly higher mean stresses at higher mean strains in the elastic plastic region are compensated for with strain hardening. This strain hardening occurs by applying the mean strain without the HCF loading and leads to a higher dislocation density and therefore strengthening of the material.
In accordance to Kunz [3, 8] , wide scatter in lifetime as well as crystallographic and non-crystallographic crack initiation under HCF loading has been observed. The crystallographic stage I crack initiation mechanism in Nickel base superalloys which leads to cleavage facets is explained by Gell [9] . The cleavage facets are created under the influence of shear and normal stresses. The shear stresses lead to reversed slip motion on the slip planes ahead of a stress raiser or a slip plane crack. In this way, the cohesive energy of the atomic bonds across the slip plane is weakened. If the weakening is sufficient in a local area at the crack tip, the local normal stresses separates the atomic bonds in that area [9] . Kunz supports this model and concluded that the activity in the slip bands and their length seems to be decisive for the crack initiation. Larger casting defects can support the stage I cracking due to a stress concentration effect [8] . Small casting effects seem to be irrelevant to the fatigue crack initiation. The present fractographic observation supports the slip band decohesion model of crack initiation proposed by Gell, as well as, the observations of Kunz. The fracture surface in Fig. 4 (b) showed no detectable casting defect where the crack was initiated. Small casting pores were also intersected with no signs of additional plastic deformation. In addition, it was observed that the specimens which showed extended stage I FCG, tended to longer lifetime compared to the non-crystallographic crack initiation. It is assumed that this is a consequence of sufficient slip band activity and the absence of large casting defects which would support non-crystallographic crack initiation. Furthermore, the loading condition seems to have an influence on the crack initiation mechanism. Fracture surfaces with extended cleavage facets were found in the lifetime area between 5 10 5 and 3 10 6 cycles, especially at m,t 0.4 % and m,t 0.8 % where high maximum stresses between 700 und 800 MPa were induced. This indicates that a several amount of cycles is necessary for a sufficient formation of the slip planes and that high maximum stresses support the creation of cleavage facets. Nevertheless, the crack initiation at pores in this lifetime area can still occur. In the lifetime range between 2 10 4 and 10 5 cycles no extended stage I FCG has been observed. In this lifetime region under symmetrical loading, cracks initiated at pores in the interior of the specimen and under high mean strains, cracks initiated at the surface. It is assumed that at high mean strains, time dependent oxide induced crack closure is not sufficient in this lifetime area to hinder cracks to propagate from the surface. This causes probably the observed transition from surface to subsurface crack initiation for lifetimes below 5 10 5 cycles at high mean strains. The measured maximum and minimum stresses over the number of cycles under LCF and LCF/HCF loading did not differ significantly with exception to a faster load drop at high superimposed HCF loading. The faster load drop and the LCF load marker lines, see Fig. 8(b) , indicate that after reaching a particular crack length, the HCF loading contributes considerably to the fatigue crack growth rate and leads therefore at high superimposed HCF loadings to a shorter lifetime compared to pure LCF loading. The distance of the LCF load marker lines is in accordance to crack growth rate which were determined by Brandt [1] using CT specimen at a stress ratio R = 0.01. The calculated crack growth rate at a crack length of 1.3 mm and at a induced stress range of the HCF loading of 175 MPa for a half-penny shaped crack with geometry factor Y = 0.72 with the Paris equation parameters m = 4.205 and C = 8.07 10 -17 is approximately 10 -6 mm/cycle. The stress ratio R under LCF/HCF loading in the holding time is roughly 0.7 and leads therefore to a higher crack growth rate. Consequently, measured and calculated crack growth rate are in a reasonable good agreement.
However, there are effects of the superimposed LCF/HCF loading before the HCF loading contributes considerably to the crack propagation. Under all LCF loading conditions, the cracks were initiated below the surface at casting defects. The subsurface crack initiation is supported by the high amplitudes as observed under HCF loading, as well as, by the 70 s cycle which supports time dependent oxide induced crack closure which hinders surface cracks to grow. The increase in roughness of the fracture surface is caused by different crack propagation modes. At t LCF = 0.4 %, the crack propagated after initiation transgranular. At high strain ranges, cyclic cleavage is supported by the pores due to their stress concentration effect and the local multi axial stress state. Hence, at higher LCF loadings, cracks prefer propagating along the pores in a mixture of transgranular and interdendritic crack propagation which is indicated by Fig. 7 (a) . The applicability of fracture surface roughness measurements to identify the crack propagation mode in IN 718 was studied by Autunes [10] . He concluded that roughness measurements can be used to identify the fatigue crack propagation mode in nickel base superalloys at high temperature. But under LCF/HCF loading, all cracks propagated transgranular, even at the same total strain ranges as under pure LCF loading. The transgranular crack propagation mode which is not considerably influenced by the pores, is obviously caused by the frequent loading and unloading due to the superimposed HCF loading. Under pure LCF loading in the ramp there is a constant strain rate but under LCF/HCF loading the strain rate changes periodically. The highest strain rates under LCF/HCF loading are more than one order of magnitude higher than the strain rate under LCF loading. This could lead to a different local plasticity and could affect the crack propagation.
Furthermore, the majority of cracks were initiated at the surface, even in the lifetime area under pure LCF loading. Apart from the specimens which failed under superimposed HCF loading which was above the estimated strain fatigue limit, the superimposed HCF loading can affect the crack initiation. One specimen which showed extended stage I FCG after cycling at t LCF = 0.5 % and t HCF = 0.2 %, see Fig. 6 (a), indicates that failure was caused by slip band activity. If the superimposed HCF loading is below the strain fatigue limit, there is, indeed, still an activity of slip bands. The life of the specimen that experienced a superimposed HCF loading under the strain fatigue limit was between 129 and 6,200 cycles so that between 5.5 10 5 and 2.6 10 7 superimposed cycles occurred. Due to the additional slip band activity, cracks are supported to initiate at the surface at slip band induced outdrops. That this kind of mechanism may occur is indicated by Fig. 8 (a) which shows no evidence of a casting defect.
Besides the different crack initiation and propagation modes under LCF and LCF/HCF loading which have an effect on the lifetime, there could be another effect of the superimposed HCF loading which should not be disregarded. If the amplitude of the superimposed HCF loading is below the strain fatigue limit, it is like an understressing. An understressing of a strain ageing capable material like IN 713C could lead to a significant lifetime increase which is commonly called coaxing. This effect was demonstrated by Sinclair [11] for different materials. He concluded that the coaxing effect occurs due to a time-dependent localized strengthening. Therefore, it is assumed that small superimposed HCF loadings can lead to a lifetime increase of IN 713C due to localized strengthening. The observed markings indicate without doubt an effect of the superimposed HCF loading, but it is not clear how they are created. Since the distance between the markings increases with the crack length, they are connected to the crack growth rate and are not slip bands. Higher magnifications show too many of the markings, so that they cannot be related to one LCF cycle as well as to less of them to connect them to with an HCF cycle.
Conclusions
The LCF/HCF loading conditions. Under HCF loading, the strain fatigue limit decreases up to a mean strain from which no significantly higher mean stresses are induced. Wide scatter was observed in the strain life curve, as a result of non-crystallographic as well as crystallographic crack initiation and propagation. Crystallographic initiated slip band cracks showed either extended stage I crack growth resulting in large cleavage facets at the surface as well as below the surface, or propagated from the surface perpendicular to the applied load. Non-crystallographic crack initiation occurred below the surface at pores with following stage II crack propagation. Extended stage I crack growth was only observed for a lifetime between 5 10 5 and 3 10 6 cycles and is supported by high maximum stresses. Noncrystallographic crack initiation is supported by high amplitudes, but was observed under all loading conditions. Under LCF and LCF/HCF loading, the induced maximum and minimum stresses over the number of cycles did not differ considerably. At high superimposed strain ranges, the lifetime decreases considerably compared to pure LCF loading. This lifetime decrease is caused by the HCF loading which contributes significantly to the crack growth after an adequate crack length is exceeded. Evidences on the fracture surface in form of so-called LCF load marker lines were observe. With decreasing superimposed HCF loading, the lifetime increases and reaches the life under pure LCF loading, and even shows a tendency to a longer life. The lifetime increase can be explained by different types of crack initiation, propagation and a possible coaxing effect due to the superimposed HCF loading. Under LCF loading all cracks initiated below the surface at pores. At low LCF amplitudes transgranular crack propagation and at high LCF amplitudes a mixture between transgranular and interdendritic crack propagation along pores occur. Beside subsurface crack initiation, cracks initiated also at the surface under LCF/HCF loading. This can be explained by additional slip band activity due to the HCF loading. Under LCF/HCF loading only transgranluar crack propagation has been observed which is obviously caused by the frequent loading and unloading due to the HCF loading. All these effects indicate that superimposed HCF loading has an effect before a particular crack length is reached.
